, whereas inhibiting dePhosphorylation of histone H3 at serine 10 occurs durphosphorylation of H3 with protein phosphatase inhibiing mitosis and meiosis in a wide range of eukaryotes tors induces abnormally condensed chromosomes and and has been shown to be required for proper chromoabnormalities during exit from mitosis into interphase some transmission in Tetrahymena. Here we report (Guo et al., 1995). Thus, both phosphorylation and dethat Ipl1/aurora kinase and its genetically interacting phosphorylation of H3 are important features of the norphosphatase, Glc7/PP1, are responsible for the balmal chromosome condensation/decondensation cycle. ance of H3 phosphorylation during mitosis in SaccharHowever, a crucial gap in our understanding of this pathomyces cerevisiae and Caenorhabditis elegans. In way is the identity of the protein kinase and phosphatase these models, both enzymes are required for H3 phosenzyme system responsible for regulating the balance phorylation and chromosome segregation, although a of mitotic H3 phosphorylation. causal link between the two processes has not been Using budding yeast Saccharomyces cerevisiae and demonstrated. Deregulation of human aurora kinases the worm Caenorhabditis elegans as models, we demhas been implicated in oncogenesis as a consequence onstrate that Ipl1/aurora kinase and its genetically interof chromosome missegregation. Our findings reveal acting phosphatase Glc7/PP1 are the enzymes that govan enzyme system that regulates chromosome dyern the steady-state level of H3 phosphorylation during namics and controls histone phosphorylation that is mitosis and meiosis. The IPL1 gene encodes a serine/ conserved among diverse eukaryotes. 
not occur in spo11 mutants (Klapholz et al., 1985) . These
Ipl1p Is the Upstream Mitotic H3 Kinase in Budding Yeast results demonstrate that H3 phosphorylation is tightly regulated during meiosis and is correlated with maximal
The highly regulated pattern of H3 phosphorylation during sporulation suggested that the activity of the H3 chromosome condensation at pachytene. Thus, as in all other eukaryotes that have been examined to date, kinase might be regulated in a similar manner. Upon examining the yeast transcriptional program during H3 in S. cerevisiae is also phosphorylated at Ser-10 during both mitosis and meiosis.
sporulation (Chu et al., 1998), the Ipl1 kinase was found to be one of the kinases that are induced between 2 replaced by alanine (data not shown). Moreover, mass spectrometry analyses confirm that Ser-10 is the only and 5 hr in sporulation medium, corresponding to the peak of H3 phosphorylation ( Figure 2D ). Moreover, geresidue being phosphorylated in the unmodified H3 peptide under these assay conditions (data not shown). netic defects in IPL1 cause abnormal chromosome segregation and nondisjunction (Chan and Botstein, 1993),
In agreement, Ipl1p phosphorylates H3 and to a lesser extent H2B in a mixture of free histones ( Figure 3B, might exist between H3 and H2B phosphorylation by suggest that these two enzymes maintain the proper Ipl1p (see Discussion). Finally, Western blot analyses balance of phosphorylation in a set of shared targets. confirm that Ser-10 is the site of phosphorylation in Therefore, we next examined if Glc7p could be the phosall of the substrates tested ( Figure 3C ). These results phatase responsible for H3 dephosphorylation in yeast demonstrate that Ipl1 kinase has the potential to act on using a collection of glc7 mutants generated by alanine chromatin substrates in vivo.
scanning (Baker et al., 1997). Glc7p is required in a To determine if Ipl1p is involved in H3 phosphorylation diverse set of nuclear and cytoplasmic pathways, and in vivo, a temperature-sensitive lethal ipl1 strain, ipl1-2 its specificity is thought to be conferred by interactions (Francisco et al., 1994) , was examined for its Phos H3 with specific regulatory proteins (reviewed in Stark, levels by Western blot. Strikingly, Phos H3 levels in the 1996). Thus, if Glc7p is the H3 phosphatase, we reaipl1-2 strain are dramatically reduced compared to that soned that some but not all mutant alleles of GLC7 in a wild-type strain, even when growing at permissive should show elevated levels of Phos H3. temperature (compare Figure 4C, lanes 1 and 2) . This As shown in Figure 4A , the above prediction is correct. result is consistent with a previous study showing that Mutants expressing glc7-109 are defective for one or ipl1-2 mutant cells have a normal growth rate at permismore cytoplasmic pathways that require PP1 phosphasive temperature yet still exhibit an ‫01ف‬ fold increase in tase activity but are wild type for nuclear PP1 function. the frequency of chromosome gain (Chan and Botstein, In contrast, glc7-129 and glc7-131 mutants are cold-1993). Thus, from our in vitro and in vivo studies, we sensitive lethal, defective for one or more nuclear pathconclude that Ipl1p is required for mitotic H3 phosphoryways including chromosome segregation, and arrest lation, likely through a direct enzyme-substrate interacgrowth at the G2/M boundary at the restrictive temperation, in yeast. Figure 4A, lanes 3-6) . In contrast, the glc7-109 mutant showed no increase in of uniquely labeling H3 without also labeling H2B ( Figure  3B , see legend). As shown in Figure 4D , HA-Glc7p were Phos H3 at either temperature (lanes 7-8). Since glc7-127 cells do not arrest at the G2/M boundary, the inable to dephosphorylate 32 P-labeled nucleosomal H3, and this activity was proportional to the amount of imcreased levels of Phos H3 seen in the nuclear glc7 mutants are most likely due to the loss of Glc7 phosphatase munoprecipitants added to the reaction (data not shown). Furthermore, this H3 phosphatase activity was activity per se and not simply the arrest at mitosis. These results argue that H3 dephosphorylation in vivo is deblocked by inhibitor-2 (I-2), which specifically inhibits type 1 protein phosphatases (Cohen et al., 1989). Using pendent on Glc7p in yeast.
The allele-specific defect in H3 phosphatase activity extracts from Myc-tagged Glc7p containing cells as a negative control for immunoprecipitation with anti-HA in glc7 mutants leads to the prediction that glc7 alleles giving high levels of Phos H3 should suppress the ipl1-2 antibody, no H3 phosphatase activity was detected in the immunoprecipitants. Finally, gel analyses showed mutation, whereas glc7 alleles giving normal levels of Phos H3 should not. We tested this prediction by that the substrates were not degraded and Western blot confirmed that the phosphate was released from Serassaying the growth rate of a set of congenic strains that contain mutations in IPL1 and GLC7. As shown in 10 of H3 (data not shown). These results demonstrate that Glc7p is capable of direct dephosphorylation of Figure 4B , glc7-109 fails to suppress ipl1-2, and the double mutant remains unable to grow at nonpermissive nucleosomal H3 and together with the previous genetic data suggest that Glc7p regulates the level of phosphortemperatures. In contrast, glc7-127 and glc7-129 partially suppress the temperature sensitivity of ipl1-2, ylated H3, possibly through a direct enzyme-substrate interaction. allowing robust growth of ipl1-2 cells at 34ЊC. Consistently, glc7-127 but not glc7-109 is able to suppress the defect in H3 phosphorylation conferred by ipl1 mutation ( Figure 4C , compare lanes 3 and 4). Thus, the correlation air-2 Is Required for Mitosis, Meiosis, and H3 Phosphorylation in C. elegans of ipl1 suppression and high levels of Phos H3 provides further support for the hypothesis that Glc7p and Ipl1p
The above results in S. cerevisiae suggest that the level of mitotic H3 phosphorylation is established by the balact in opposition to affect the phosphorylation state of H3.
ance of antagonistic activities: Ipl1 kinase and Glc7 phosphatase. We reasoned that the fundamental nature If Glc7p acts directly to dephosphorylate H3 in vivo, then purified Glc7p should be able to dephosphorylate of mitosis and meiosis predicts that this system should operate in other eukaryotes. In C. elegans, two Ipl1/ H3 in vitro. To test this prediction, HA-tagged Glc7 protein ( We examined whether the above phenotypes were a to mitosis, meiosis, and the phosphorylation status of result of a failure in meiosis. In all cases where embryos histone H3.
are observed with two partially decondensed pronuclei The adult gonad of C. elegans hermaphrodites pro-(equivalent to postmeiotic stage in a wild-type zygote), vides an excellent opportunity to examine the developone pronucleus always had an abnormally high DNA mental progression from mitosis to meiosis in germ content ( Figure 6E ). These abnormal pronuclei were uncells. Briefly, the distal-most germ nuclei divide mitotiequivocally identified as being of oocyte origin following cally and serve as a stem cell population. Moving proxicareful examination of embryos that were retained in mally along the gonad, germ nuclei exit the mitotic cycle the uterus and could be oriented. Based upon the high and enter a progressive series of meiotic prophase DNA content in oocyte pronuclei and the lack of detectstages. Eventually, the germ nuclei cellularize and deable polar body, we conclude that meiosis fails to occur velop into oocytes at diakinesis of the first meiotic diviin air-2(RNAi) embryos. sion ( Figure 5A ). Upon fertilization, the oocyte nucleus
In contrast to what is observed with air-2(RNAi) aniresumes meiosis with each of the two meiotic divisions mals, Phos H3 staining in air-1(RNAi) animals and emmarked by extrusion of a polar body (Figures 6A and 6B) .
bryos is similar to wild type, suggesting that air-1 is not After fusion of gametic pronuclei, the first embryonic required for H3 phosphorylation ( Figure 5G and data mitotic division cycle begins. not shown). In addition, all air-1(RNAi) embryos extrude In wild-type animals, Phos H3 staining is associated polar bodies indicating that the meiotic divisions occur with metaphase and telophase chromosomes in the miproperly (data not shown). However, the occurrence of totic region of the gonad (see arrows in Figure 5C ; Kadyk abnormal mitotic divisions ( Figure 5F ) and 100% embryand Kimble, 1998; Lieb et al., 1998). This staining disaponic lethality suggest that air-1 is required for other pears in adjacent meiotic nuclei and reappears as ooaspects of mitosis function that remain unclear (data cytes grow and enter diakinesis ( Figures 7A and 7B) . not shown; Schumacher et al., 1998a).
Staining continues after fertilization and becomes detectable in the sperm pronucleus immediately before
RNAi with the C. elegans Orthologues of GLC7 fusion of two pronuclei ( Figures 6B and 6C) Figures 6F and 6I) , sugforms are 90% identical within a 295 amino acid block gesting that air-2 is required for H3 phosphorylation in and 76% identical within a 727 nucleotide region. To C. elegans. Condensed nuclei are not detected in the test if either of the CeGLC-7 isoforms is the opposing distal gonads of air-2(RNAi) animals. Instead, abnormal phosphatase for AIR-2, coinjection experiments were mitotic divisions, characterized by decondensed chroperformed using air-2 and either of these two Ceglc-7 matin or interconnecting chromatin bridges, are often dsRNAs. Preliminary serial dilution experiments estabobserved (see arrowheads in Figure 5D ). Embryos from lished that injecting 0.1 mg/ml of air-2 dsRNA was suffiair-2(RNAi) animals do not contain polar bodies and cient to cause a complete loss of Phos H3 staining in arrest at the 1-cell stage without undergoing cell divimature oocytes and embryos, and 100% of these emsions. DAPI staining reveals that nuclei in air-2(RNAi) bryos arrested at the 1-cell stage ( Figures 6D-6I, 7C , and 7D). embryos are polyploid, disorganized, and sometimes Using the above concentration (0.1 mg/ml), coinjecwhile coinjection of both dsRNAs has a more severe phenotype than injection of either RNAi alone. Thus, we tion of 1 mg/ml of either Ceglc-7 dsRNA completely suppresses the loss of Phos H3 staining in the gonad conclude that little, if any, cross interference occurs between Ceglc-7␣ and Ceglc-7␤. of air-2(RNAi) animals and in air-2(RNAi) embryos (Figures 7G and 7H and data not shown) . When a higher Embryos from animals coinjected with air-2 and Ceglc-7␣ dsRNA developed beyond the hallmark 1-cell concentration of air-2 dsRNA (1 mg/ml) was used, suppression was not observed, indicating that a low level arrest stage of air-2(RNAi) embryos and arrested at a stage similar to that of Ceglc-7␣(RNAi) ( Figure 7K ). Interof AIR-2 kinase is required to restore Phos H3 signal when the opposing phosphatase is inhibited. These data estingly, embryos from animals coinjected with air-2 and Ceglc-7␤ dsRNA, despite the restoration of H3 phosare consistent with the situation in yeast where growth defect of ipl1-2 can be suppressed by specific glc7 phorylation, arrest at a stage similar to that of air-2(RNAi) alone. These results suggest that CeGLC-7␣ and CeGLCalleles only at semipermissive temperature (34ЊC; Figure  4B ) but not at restrictive temperature (37ЊC; data not 7␤ may share with AIR-2 distinct subsets of targets that remain to be determined. Despite these uncertainties, shown).
It has been shown that RNAi fails to distinguish family we conclude that both CeGLC-7␣ and CeGLC-7␤ are the C. elegans orthologues of Glc7p and that they, as members with nucleic acid identity of 80% or greater (Tabara et al., 1998). To test if cross interference is obin yeast, act in opposition to AIR-2 kinase in a highly conserved pathway required for phosphorylation of hisserved between Ceglc-7␣ and Ceglc-7␤, a series of single and double RNAi experiments were performed. Intone H3. jection of 1 mg/ml Ceglc-7␣ dsRNA alone results in nearly 100% embryonic lethality with embryos arresting Discussion at a late stage exhibiting well-differentiated cell types including pharyngeal, intestinal, epidermal, and neuronal tissues ( Figure 7J, arrow and arrowhead) . Cells
In this report, we demonstrate that two members of the Ipl1/aurora family of protein kinases, Ipl1p in S. cereviswith abnormal DNA content or misshaped nuclei were observed (data not shown), suggesting that chromoiae and AIR-2 in C. elegans, are kinases that regulate mitotic H3 phosphorylation in these two model eukarysome segregation was defective in some cells. In contrast, injection of the same concentration of Ceglc-7␤ otes. Similarly, two related type 1 phosphatases, Glc7p in S. cerevisiae and CeGLC-7 in C. elegans, are required dsRNA alone resulted in Ͻ50% embryonic lethality, and all of the dead embryos arrested at a 50-to 100-cell for dephosphorylating H3. Collectively, these data indicate that the ordered addition and removal of phosphate stage exhibiting cells of varying size, suggestive of severe cell division defects. However, when Ceglc-7␣ and from H3 at Ser-10 is brought about by a highly conserved enzyme system in diverse eukaryotes. 
In addition to H3, AIR-2 is likely to phosphorylate other substrates including proteins involved in cytokine-H3 Phosphorylation in S. cerevisiae sis, a possibility supported by localization of AIR-2 on In yeast, as in other eukaryotes, H3 phosphorylation chromatin as well as on midbody microtubules during peaks during mitosis when chromosomes are in their embryonic divisions (Schumacher et al., 1998b). most condensed mitotic state (Figure 2A). Likewise, in
Recently, NCC-1, a Cdk1/Cdc2-related kinase, has meiosis, the strongest peak in H3 phosphorylation is also been implicated in phosphorylation of H3 during observed during pachytene when chromosomes are mitosis in C. elegans (Boxem et al., 1999). However, dramatically compacted ( Figure 2F ; Dresser and Giroux, when directly compared to yeast Ipl1p, human Cdc2 1988). However, the S10A, S28A, and S10,28A mutations kinase failed to phosphorylate an amino-terminal H3 do not result in a major defect in mitotic or meiotic peptide containing Ser-10 ( Figure 3A and data not chromosome transmission in S. cerevisiae. The generashown). Therefore, the loss of Phos H3 signal in the ncction times and cell cycle progression of the mutants, as 1(RNAi) animal is most likely a consequence of cell cycle measured by fluorescence microscopy and flow cytomarrest caused by the inactivation of ncc-1. We note that etry, were indistinguishable from the isogenic H3 wildthe noncatalytic NTD of both Ipl1p and AIR-2 contains type strain, and diploids homozygous for the S10A mutaputative consensus motifs for phosphorylation by CDKs. tion were able to sporulate (data not shown). Thus, the Indeed, Ipl1p has been found to be phosphorylated in simple causal relationship between H3 Ser-10 phosvivo (Kim et al., 1999), although the upstream kinase phorylation and chromosome dynamics evident in Tetand its effect on the kinase activity or chromosomal rahymena is likely more complex in S. cerevisiae. One targeting remains to be determined. potential explanation for this difference is that other histone modifications in S. cerevisiae may compensate Targeting H3 Kinase/Phosphatase Activities for the loss of Ser-10 phosphorylation for proper chroBesides H3, both Ipl1/aurora kinases and Glc7/PP1 mosome dynamics. As shown in Figure 3B , Ipl1p phosphosphatases must target additional substrates in multiphorylates both H3 and H2B in vitro when a nucleosomal ple steps of mitotic division. For example, mutations in substrate is used, suggesting the intriguing possibility IPL1 also confer defects in kinetochore function, and at that H2B phosphorylation may be functionally redundant least one target substrate for Ipl1p is likely to be the with H3 phosphorylation in vivo. Consistent with this kinetochore protein Ndc10p (Biggins et al., 1999) . In hypothesis, we note that in most eukaryotes, including the case of the original aurora mutation in Drosophila, yeast, H2B amino termini contain several serines that monopolar spindles were noted to arise from a failure are embedded within stretches of basic residues that in centrosome separation ( at 30ЊC, the reaction was stopped by removing 10 l of the reaction mixture and spotted onto a P81 filter paper. The filter paper was then Strains used in Figures 4B and 4C 
